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activation is sufficient, and, despite intense investiga-²Howard Hughes Medical Institute
tion, the receptor mechanism by which the specific ef-University of California at San Francisco
fects of NGF are mediated is unresolved.San Francisco, California 94143-0724
Typical biological responses to NGF correlate with³Sugen, Incorporated
the presence of high affinity receptors for NGF (GreenRedwood City, California 94063
et al., 1986; Weskamp and Reichardt, 1991), and TrkA
expression appears necessary for the generation of high
affinity binding sites (Klein et al., 1991; Meakin andSummary
Shooter, 1991; Radeke et al., 1987; Weskamp and
Reichardt, 1991) as well as biological responsivenessTo test the molecular nature of the NGF receptor re-
to NGF. For example, mutant pheochromocytomasponsible for the ability of NGF to rescue septal cholin-
(PC12) cell lines expressing significantly reduced levelsergic neurons following axotomy, we infused poly-
of TrkA are deficient in high affinity NGF binding andclonal antibodies that act as specific agonists of trkA
unresponsive to NGF, but when transfected with trkA,(RTA) into the lateral ventricle of fimbria±fornix le-
they demonstrate NGF responsiveness by neurite out-sioned animals. Rats receiving chronic intraventricular
growth, cellular hypertrophy, and survival in serum-freeinfusions of RTA showed significantly more low affinity
medium (Loeb et al., 1991). Additionally, MAH cells, anNGF receptor immunoreactive (p75NGFR-IR) neurons on
immortalized sympathoadrenal progenitor cell line,the lesioned side than did control animals 2 weeks
transfected with trkA, respond to NGF application withfollowing unilateral fimbria±fornix lesion. RTA also ini-
neurite extension and proliferation (Verdi et al., 1994a),tiated cholinergic sprouting. Infusions of RTA in com-
and ectopic TrkA expression is responsible for meioticbination with an antibody that blocks p75NGFR (REX) did
maturation in Xenopus oocytes (Nebreda et al., 1991)not reduce the cell savings effect observed with RTA
as well as survival in NGF-independent sensory neuronsalone. However, animals infused with RTA plus REX
(Allsopp et al., 1993). Furthermore, chimeric receptorsdemonstrated significantly less sprouting. These find-
constructed from the extracellular domain of tumor ne-
ings suggest that antibody-induced trkA activation is
crosis factor (TNF) receptor and cytoplasmic TrkA elicit
sufficient to mediate NGF-promoted survival of axo-
survival and differentiation of PC12 cells upon applica-tomized cholinergic neurons in vivo.
tion of exogenous TNF (Rovelli et al., 1993), and trkA-
deficient mice show marked loss of NGF-responsive
Introduction sensory and sympathetic neurons (Smeyne et al., 1994).
Although mounting evidence suggests that the pres-
The nerve growth factor (NGF) family of neurotrophins is ence of TrkA is required to generate high affinity binding
present in limited amounts in the central nervous system sites and mediate cellular responses to NGF, the relative
(CNS) and is known to function in neural development, contribution of p75NGFR is undetermined. Some investiga-
differentiation, and survival (for reviews, see Barde, tors demonstrated that coexpression of p75NGFR and
1989; Thoenen, 1991). Central to understanding mecha- TrkA was required to yield both classes of receptors
nisms mediating neurotrophin signal transduction is the (Hempstead et al., 1991; Benedetti et al., 1993; Berg et
elucidation of the molecular nature of functional neuro- al., 1991) and increased the association rate of NGF,
trophin receptors. NGF, the best-characterized neuro- resulting in higher affinity NGF binding than that of TrkA
trophin, recognizes at least two classes of cell surface alone (Mahadeo et al., 1994). Furthermore, p75NGFR was
receptors (Meakin and Shooter, 1991), a fast-dissociat- necessary for NGF responsiveness as assayed by c-fos
ing, low affinity NGF receptor (p75NGFR) and a slow-disso- transcription and tyrosine phosphorylation (Berg et al.,
ciating, high affinity NGF receptor (tyrosine receptor ki- 1991; Hempstead et al., 1991). These data assessing
nase A [trkA]). p75NGFR binds NGF and all other known the relative contribution of p75NGFR to functional NGF
members of the neurotrophin family (Rodriguez-Tebar receptors led to a model proposing that a receptor com-
et al., 1990; Ernfors et al., 1990) but does not possess plex consisting of both p75NGFR and TrkA is responsible
intrinsic tyrosine kinase activity (Radeke et al., 1987). for the biological effects of NGF (Bothwell, 1991). How-
Specificity in neurotrophin binding is conferred by the ever, others postulate that p75NGFR may serve as a load-
Trk family of tyrosine kinases. ing mechanism, increasing the association rate of NGF
The human trk proto-oncogene encodes a 140,000 for TrkA (Jing et al., 1992; IbanÄ ez et al., 1993), or that
dalton glycoprotein, designated TrkA (Martin-Zanca et p75NGFR modifies the ligand specificity of TrkA (Benedetti
al., 1989), which acts as a functional NGF receptor et al., 1993; Barker and Shooter, 1994; Hantzopoulos et
(Kaplan et al., 1991a; Klein et al., 1991). TrkA possesses al., 1994).
protein tyrosine kinase activity (Martin-Zanca et al., Although experiments to determine the relative impor-
tance of p75NGFR and TrkA in NGF signal transduction1989; Meakin and Shooter, 1991) that is activated by
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have been conducted by expressing these receptors therefore the activity, of the RTA antibody is specific for
the TrkA receptor.ectopically in nonneuronal cells, few studies have at-
tempted to discern which receptor or receptor complex
is necessary to mediate NGF-promoted responses in Surgical Procedures and Experimental Design
neurons in vitro (Allsopp et al., 1993; Barrett and Bartlett, Young adult female Fisher 344 rats received unilateral
1994; Clary et al., 1994). Targeted mutation of NGF re- aspirative lesions of the FF and continuous infusions
ceptors by homologous recombination has provided the of the following solutions: RTA (a-TrkA), RTA plus REX
only clues elucidating this question in neural populations (a-TrkA plus a-p75NGFR), NGF, control infusions of CSF,
in vivo (Lee et al., 1992; Smeyne et al., 1994). REX, or rabbit serum (RS), or rats received FF lesions
The most prominent cells in the CNS that express alone. Two weeks following lesion and pump implanta-
TrkA are NGF-responsive basal forebrain cholinergic tion, animals were sacrificed and evaluated histologi-
neurons. Among the important functions of NGF on this cally both for lesion completeness and for antibody dif-
population is the ability to rescue septal cholinergic neu- fusion to the medial septum (MS).
rons from axotomy when applied exogenously (Hefti,
1986; Williams et al., 1986; Kromer, 1987; Gage et al.,
Penetration of RTA and Antibody Specificity In Vivo1988). NGF infusions have also been demonstrated to
Coronal sections through the septum were immuno-regulate choline acetyltransferase (ChAT) expression
stained to visualize the extent of diffusion of infused(Hefti et al., 1984, 1985) and the expression of NGF
antibodies (RTA, REX, and RS). Anti-rabbit antibodiesreceptors (Gage et al., 1989; Higgins et al., 1989; Holtz-
recognized the polyclonal rabbit TrkA antibody andman et al., 1992) and to induce sprouting of cholinergic
showed the tissue distribution of RTA in the parenchymaterminals (Gage et al., 1988).
2 weeks following chronic infusion (Figure 2A). VisualTo discern the molecular nature of the functional NGF
inspection showed that antibody penetration of RTA andreceptor in vivo, we infused polyclonal antibodies di-
other antibody infusates (RTA plus REX, REX, and RS;rected against the entire extracellular domain of rat TrkA
data not shown) was adequate to reach the cells of(RTA) into unilaterally fimbria±fornix (FF)±lesioned rats.
interest, the MS cholinergic neurons. Moreover, detec-Since immunoglobulin G (IgG) fractions of RTA specifi-
tion of the distribution of RTA revealed that RTA wascally bind TrkA and function as agonists to TrkA in vitro,
localized to cells (presumably cholinergic cells) of thestimulating receptor activation and autophosphoryla-
basal forebrain (Figure 2B) and the striatum (Figures 2Ction as well as cell survival and neurite outgrowth in
and 2D), populations that express TrkA (Holtzman etPC12 cells and sympathetic neurons (Clary et al., 1994),
al., 1992; Gibbs and Pfaff, 1994). Although cholinergicwe hypothesized that infusions of RTA would mimic the
neurons of the basal forebrain express p75NGFR in addi-effects of NGF and rescue cholinergic neurons following
tion to TrkA, cholinergic neurons in the striatum onlyFF transection. Here, we report the effects of chronic
express TrkA (Holtzman et al., 1992). We interpret theintracerebroventricular (ICV) infusions of RTA on septal
localization of the antibody to these cellular populationscholinergic neurons axotomized by FF lesion and pro-
as evidence of the specificity of RTA in vivo.vide experimental evidence that TrkA activation is a suf-
ficient condition for NGF-mediated rescue effects on
Histological Appearance of Cholinergicseptal cholinergic neurons in vivo.
Cells within the FF-Lesioned Septum
Those animals demonstrating complete transection of
the FF upon visual inspection and adequate penetrationResults
of the antibody were included in the quantitation of cho-
linergic MS neurons. No obvious differences in the con-RTA Specificity
The RTA antibody was raised against a recombinant tralateral septum were observed 2 weeks following FF
lesion. However, coronal sections through the MS re-truncated form of the rat TrkA receptor expressed in
baculovirus-infected Sf900 cells. The resulting IgG has vealed the lossof p75NGFR±immunoreactive (IR) cells ipsi-
lateral to the lesion (right side) in control animals (Figurebeen shown to bind the TrkA receptor specifically, but
not the TrkB or TrkC receptors, by immunoprecipitation 3B). Remaining neurons on the lesioned side of control
animals appeared shrunken and faintly immunoreactive.and immunoblotting analysis (Clary et al., 1994). How-
ever, as in vivo infusions present the antibody to the Animals infused with NGF (Figure 3A), RTA (Figure 3C),
or RTA in combination with REX (data not shown), inreceptors in a cellular context, we sought to test whether
we could detect any interaction of the RTA IgG with contrast, exhibited considerable cell savings on the ipsi-
lateral side when compared with lesioned control ani-the TrkB or TrkC receptors as expressed in cells. We
transiently transfected the cell line HEK293 with plas- mals. p75NGFR±IR neurons on the ipsilateral side were not
noticeably smaller or less immunoreactive than thosemids directing expression of rat TrkA, rat TrkB, or rat
TrkC and probed each transfection with either the RTA on the contralateral side in NGF-infused animals and
appeared only slightly so in animals infused with RTAantibody or an antibody that recognizes all Trk receptors
(trk.cyt). Strong expression of all three Trk receptors or RTA in combination with REX. We also observed a
sprouting response in the dorsolateral quadrant of thewas observed (Figure 1), but no cross-reaction of the
RTA antibody with TrkB or TrkC was detected. From septum in animals infused with NGF, RTA alone (Figures
3A and 3C), and, to a lesser extent, in animals infusedthis result, taken together with the earlier biochemical
characterization, we conclude that the binding, and with RTA in combination with REX.
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Figure 1. Specificity of the RTA Antisera
Human embryo kidney 293 cells were mock
transfected or transfected with expression
plasmids encoding rat TrkA, TrkB, or TrkC.
The cultures were subsequently stained with
either the RTA antibody oran antibody recog-
nizing the cytoplasmic tails of all three Trk
receptors (trk.cyt).
Scale bar, 50 mm.
Septal Cell Savings Following ICV Infusions (Weskamp and Reichardt, 1991). This group was in-
cluded toeliminate any binding to thep75NGFR or possibleof RTA and RTA plus REX
Quantification of p75NGFR±IR neurons in the MS of control interaction of p75NGFR with TrkA via dimerization. Com-
parison of the total number of MS neurons (Nabs) revealedanimals (intact, CSF, lesion only, preimmune serum, or
REX) by unbiased stereology revealed no differences in small, but significant, differences in the number of cells
contralateral to the lesion. Significantly more neuronsthe number of cells present on the contralateral side,
allowing us to combine these groups into an overall were observed on the contralateral side in animals in-
fused with NGF when compared with controls or RTAcontrol group. By the same rationale, consistent ipsilat-
eral cell loss allowed us to pool individual control plus REX±infused animals (Figure 4A; p < 0.01). Nabs
for RTA-infused animals was significantly different fromgroups. MS cell number for the combined control group
was then compared with that of experimental groups RTA plus REX±infused animals (p < 0.05), but not differ-
ent from that of NGF-infused animals (p < 0.01). Quantifi-and NGF-infused animals. NGF-treated animals served
as our positive control. Experimental groups included cation of the p75NGFR±IR cell number in the ipsilateral
MS confirmed that chronic infusion of RTA or RTA inanimals infused with RTA (1.0 mg/ml) and animals in-
fused with RTA (1.0 mg/ml) along with REX (0.1 mg/ml). combination with REX was effective in rescuing
p75NGFR±IR neurons ipsilateral to the lesion (Figure 4B).REX binds p75NGFR and has shown no biological effects
other than inhibition of NGF binding to p75NGFR When expressed as percent cell savings (Nabs ipsilateral/
Figure 2. Diffusion and Localization of Infused RTA
Overview of a representative coronal section at low power immunostained with an anti-rabbit antibody that highlighted the distribution of
infused RTA in vivo (A). RTA was localized to cells in the basal forebrain (B) and striatum (C, D). (B) and (D) are enlarged areas of (A) and (C),
respectively.
Scale bar, 50 mm in (B) and (D), 100 mm in (C).
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Figure 3. p75NGFR-IR MS Neurons Following FF Lesion
Coronal sections through the MS immunostained with antibodies directed against p75NGFR show MS neurons 2 weeks following unilateral FF
lesion (right side) in NGF- (A), CSF-(B), or RTA-infused animals (C). Characteristic sprouting of p75NGFR±IR processes is observed in NGF- and
RTA-infused animals (A and C).
Scale bar, 200 mm.
Nabs contralateral), 75.3% 6 3.4% of the p75NGFR±IR neu- initiating the biological effects of NGF in vitro, stimulat-
ing receptor activation and autophosphorylation, as wellrons were present on the ipsilateral side as compared
with the contralateral side in animals infused with RTA as cell survival and neurite outgrowth in PC12 cells and
sympathetic neurons (Clary et al., 1994). The data pre-(Figure 5). This result was significantly different from
control animals (50.7% 6 1.9%). Infusion of RTA in com- sented here are the first evidence that selective activa-
tion of TrkA is sufficient to rescue septal cholinergicbination with REX did not reduce the cell savings effect
seen with RTA alone (77.1% 6 2.6%). NGF rescued a neurons from axotomy, mimicking the biological effects
of NGF in vivo. In addition, the fact that infusions of REXsignificantly greater proportion of neurons on the ipsilat-
eral side (104.9% 6 2.3%). in combination with RTA block sprouting suggests a
role for p75NGFR in cholinergic sprouting.
Sprouting of p75NGFR±IR Fibers
Chronic ICV infusions of NGF induced the sprouting of a RTA Infusions Rescue Septal Cholinergic
fine network of p75NGFR±IR processes in the dorsolateral Neurons Following Axotomy
quadrant of the septum (Figure 6A), as do infusions of Using unbiased stereology, we estimate that approxi-
RTA (Figure 6B) and, to a much lesser extent, RTA in- mately 15,000 cholinergic neurons comprise the MS.
fused along with REX (Figure 6C). Densitometric quanti- Extensive evidence indicates that, following FF lesion,
tation of p75NGFR±IR sprouting demonstrated no signifi- roughly half of these degenerate and die within 2 weeks
cant differences in the amount of sprouting in individual (Arimatsu et al., 1988; Montero and Hefti, 1988; Tuszyn-
control groups and allowed them to be combined into ski et al., 1990). However, some studies suggest that
an overall control group. Animals infused with RTA dem- not all of these cells die, but that some persist in a
onstrated a significant amount of sprouting when com- dysfunctional state for extended periods of time (Hagg
pared with control animals or animals infused with RTA et al., 1988; Naumann et al., 1992). Chronic infusions of
in combination with REX (Figure 7), whereas NGF-in- RTA alone or in combination with REX were effective in
fused animals showed significantly more sprouting than supporting approximately 75% of the total cholinergic
both experimental and control groups. RTA plus REX± population following axotomy, whereas approximately
infused animals did not differ from controls. half of the lesioned cholinergic population degenerated
in control animals.
ICV infusion of NGF increased the total number ofDiscussion
neurons by a small but significant amount on the contra-
lateral, or unlesioned, side of the MS, an effect that hasTo resolve whether TrkA activation is sufficient to medi-
ate signal transduction, we infused IgG fractions of anti- not previously been described. The fact that NGF is
knownto up-regulate cholinergicmarkers such as ChAT,bodies directed against the extracellular domain of TrkA
ICV following FF lesions. IgG fractions of RTA bind TrkA p75NGFR, and TrkA (Hefti et al., 1985; Gage et al., 1989;
TrkA Activation Rescues Cholinergic Neurons
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Figure 5. Percent of p75NGFR±IR Cell Savings in the MS
Percentage is calculated as (Nabs ipsilateral/Nabs contralateral) 3 100.
Bars represent SEM. Dot indicates differences from control group
(p < 0.01); asterisk indicates differences from control, RTA, and RTA
plus REX groups (p < 0.01).
expression overlaps with ChAT expression in approxi-
mately 90% of MS neurons (Batchelor et al., 1989) and
with TrkA in over 90% of MS neurons (Gibbs and Pfaff,
1994), thus providing an accurate approximation of cho-
linergic neurons. Second, the antibody used to detect
p75NGFR is a monoclonal antibody, and the secondary
antibody used to identify it does not bind the polyclonal
antibody infused and distributed throughout the sep-
tum, which obscures the cells and boundaries of the MS.
Third, the neuropil is more distinct when immunostained
with p75NGFR than with ChAT, so a more accurate volume
of the MS nucleus can be defined. For these reasons,
MS boundaries can be consistently defined, allowing
for objective criteria for inclusion of structures (see Ex-
perimental Procedures).
Is NGF-Independent TrkA Activation SufficientFigure 4. Absolute Number of p75NGFR±IR Neurons within the MS 2
to Mediate the Cell SurvivalWeeks Following FF Lesion
Effects of NGF In Vivo?(A), contralateral (intact) side; (B), ipsilateral (lesioned) side. Bars
The number of p75NGFR±IR MS neurons present 2 weeksrepresent SEM.
(A) Dot indicates difference from RTA plus REX group (p < 0.05); following FF lesion in RTA- and RTA plus REX±infused
asterisk indicates differences from control and RTA plusREX groups animals is consistent with the view that NGF binding
(p < 0.01). to both p75NGFR and TrkA is not necessary to mediate
(B) Dot indicates difference from control group (p < 0.01); asterisk
cholinergic cell savings. We determined that there existsindicates differences from control, RTA, and RTA plus REX groups
a population of cholinergic neurons that require only(p < 0.01).
TrkA activation to remain viable after axotomy, since
RTA infusions rescue cholinergic neurons following
axotomy, and infusions of REX with RTA do not diminish
Higgins et al., 1989; Holtzman et al., 1992) suggests that
this effect. Although the cross-linking of TrkA by RTA
NGF up-regulates p75NGFR expression in the contralateral
might be subtly different in vivo versus in vitro (e.g., by
septum. Because most reports concerning cell savings
binding TrkA monomers or homodimers), we predict that
express their results only as a ratio (percent ipsilateral/
RTA functions similarly in vivo and that TrkA stimulation
contralateral), small differences incell number ipsilateral
by RTA-inducedoligomerization of TrkA mediates signal
or contralateral to the lesion are not likely to be noticed.
transduction, supporting cholinergic cell survival.
Emerging evidence argues that TrkA activation alone
sufficiently mediates the biological effects of NGF. Al-Estimation of p75NGFR±IR Neuronal Number
by Unbiased Stereology though antibodies directed against p75NGFR (REX) com-
pletely block NGF binding to p75NGFR, they do not preventCholinergic cell number in the MS was analyzed by the
disector procedure (Sterio, 1984). We chose p75NGFR as high affinity receptor binding of NGF in PC12 cells. Nei-
ther do they inhibit NGF-dependent survival of sensorya cholinergic marker for several reasons. First, p75NGFR
Neuron
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Figure 6. p75NGFR-IR Sprouting Following FF Lesion
Representative coronal sections through the septum show p75NGFR±IR processes in the dorsolateral quadrant of the septum 2 weeks following
FF lesion in NGF- (A), RTA- (B), RTA plus REX± (C), and CSF-infused animals (D).
Scale bar, 200 mm.
neurons, NGF-induced neuriteoutgrowth, or rapid phos- insufficient to bind and activate fully all functional TrkA
phorylation of phospholipase C-g1 (PLCg1; Vetter et al., receptors; third, somep75NGFR±IR septal cholinergic neu-
1991). Additionally, oligomerization of TrkA with anti- rons do not express TrkA and therefore are not rescued
body-induced cross-linking is sufficient to mimic NGF by RTA; fourth, concomitant p75NGFR and TrkA activation
responsiveness in PC12 and sympathetic neurons in the
absence of NGF (Clary et al., 1994). Other reports also
indicate that p75NGFR is not a necessary component of
the signal-transducing receptor complex, suggesting
rather a homodimerization of TrkA to mediate NGF sig-
naling (Radeke and Feinstein, 1991; Jing et al., 1992).
Importantly, a mutant NGF molecule that binds TrkA,
but not p75NGFR, retains biological activity, promoting
NGF-dependent survival and differentiation (IbanÄ ez et
al., 1992). The failure to detect direct associations be-
tween p75NGFR and TrkA by immunoprecipitation or
cross-linking strengthens the suggestion that a receptor
complex consisting of both components is not the prev-
alent mechanism for NGF signal transduction.
As expected, NGF rescued approximately 100% of
lesioned cholinergic neurons. When compared with
NGF, infused at 100 mg/ml (a dose that has previously
been demonstrated to rescue all cholinergic neurons
axotomized by FF lesion; Williams et al., 1986), RTA was
apparently not completely effectiveat rescuing choliner- Figure 7. Quantification of the Density of p75NGFR±IR Fibers in the
gic neurons or initiating p75NGFR±IR sprouting. There are Dorsolateral Quadrant of the Septum
several possible explanations for this result: first, RTA Bars represent SEM. Dot indicates differences from control group
is not as effective a ligand as NGF; second, the concen- (p < 0.01) and RTA plus REX group (p < 0.05); asterisk indicates
differences from control, RTA, and RTA plus REX groups (p < 0.01).tration of RTA that reached cholinergic neurons was
TrkA Activation Rescues Cholinergic Neurons
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is required to rescue all cholinergic cells affected by the rescue all cholinergic cells by RTA or RTA plus REX
infusions following axotomy, as well as the decreasedlesion; or some combination of these possibilities.
Differences in ligand efficacy could explain differ- sprouting response we observed in RTA plus REX±
infused animals, are consistent with these interpreta-ences in cell savings observed between NGF and RTA
infusion in vivo. When compared with NGF, RTA is not tions.
as effective at supporting the survival of sympathetic
neurons in vitro, and NGF addition does not restore the RTA Infusions Initiate Sprouting
maximal level of survival supported by NGF alone (Clary Infusions of RTA significantly induce sprouting of
et al., 1994). This finding indicates that RTA binding to p75NGFR±IR fibers in the dorsolateral quadrant of the sep-
TrkA is not as efficacious as binding of the endogenous tum, a characteristic of NGF infusions following FF le-
ligand (NGF). Moreover, many factors, in addition to sions (Gage et al., 1988). Although a common feature
receptor binding affinities, such as endocytosis and traf- in NGF-infused animals, this sprouting event has been
ficking of the receptor, could easily vary between RTA poorly described in the literature and is not necessarily
and NGF as well as between the in vivo and the in vitro a tropic (or directional) phenomenon. Nevertheless, it is
situation. interesting that RTA-infused animals exhibit this biologi-
It is possible that 100%cell savings werenot observed cal response along with NGF-infused animals and indi-
with RTA infusions because the amount of RTA that cates that TrkA activation is able to mimic other re-
reached the MS cholinergic neurons was insufficient to sponses to NGF in vivo in addition to supporting
activate TrkA fully and induce signal transduction. We cholinergic cell survival. RTA plus REX±infused animals,
infused RTA at a concentration of 1.0 mg/ml, the highest however, did not show significant p75NGFR±IR sprouting
dose practically available to us, but we do not know when compared with control animals. This finding may
whether this dose saturates, binding all available TrkA suggest a role for p75NGFR in mediating cholinergic
receptors. Traditionally, antibodies are believed to have sprouting in vivo and also indicates that the biological
limited access to brain parenchyma via ICV infusion. effects of NGF and the respective receptor mechanisms
The molecular weight of RTA is approximately six times that mediate them may be dissociated.
that of the human b NGF infused (150,000 daltons versus
26,000 daltons), which alone could account for differ-
Is p75NGFR Involved in NGF Signalences in penetration. Although we determined that RTA
Transduction In Vivo?reached septal cholinergic neurons, because staining
NGF binds p75NGFR with low affinity (z10_9), and someintensity using peroxidase immunohistochemistry is not
reports indicate that the presence of p75NGFR, along withlinear, we were unable to assess accurately the relative
TrkA, is necessary to mediate signal transductionamounts of antibody that penetrated the tissue. One
(Hempstead et al., 1991; Berg et al., 1991). A variety ofanimal, inadvertently infused intraseptally (allowing the
studies support the proposed importance of p75NGFR inantibody greater access to MS neurons), displayed the
NGF signaling. When expressed in PC12 cells, chimerichighest proportion of cell savings (86%). This finding
receptors comprised of the extracellular ligand-bindingsuggests that greater antibody access to the cholinergic
domain of the human epidermal growth factor (EGF)cell population increases the proportion of cell savings
receptor that were fused to transmembrane and cyto-and that diffusion of RTA is the limiting factor in this
plasmic domains of p75NGFR resulted inneurite outgrowthexperiment. It is important to note that doses of NGF
and nuclear signaling in response to EGF applicationlower than 100 mg/ml are not nearly as effective in saving
(Yan et al., 1991). In MAH cells, ectopic p75NGFR expres-cholinergic neurons following axotomy (Barnett et al.,
sion in excess amounts enhanced NGF-induced auto-1990), and we chose a saturating dose of NGF (100 mg/
phosphorylation of TrkA on tyrosine residues when com-ml) to ensure 100% cell savings as our positive control.
pared with cells expressing TrkA alone (Verdi et al.,Alternatively, rescue of some cholinergic cells follow-
1994b). Biologically, disruption of the p75NGFR gene ining FF lesion may require p75NGFR activation, alone or in
homozygous mice resulted in decreased sensory in-combination with TrkA activation. Overlapping distribu-
nervation of the footpad (Lee et al., 1992, 1994), andtion of p75NGFR and TrkA in MS neurons (> 90%), as
trigeminal sensory neurons derived from these animalsindicated by in situ hybridization or immunocytochemi-
showed reduced responsiveness to NGF (Davies et al.,cal studies (Gibbs and Pfaff, 1994), suggests that only
1993), indicating that p75NGFR increases the sensitivitya very small population might utilize different receptor
of neurons toward NGF. p75NGFR may also mediate ansignaling mechanisms. Other investigators, however,
apoptotic signal in NGF-responsive neurons during de-have stressed the importance of a specific ratio of
velopment (Rabizadeh et al., 1993; Barrett and Bartlett,p75NGFR-to-TrkA expression (10:1; Hempstead et al.,
1994).1991), the in vivo detection of which is beyond the limits
Our data suggest that at least a portion of cholinergicof immunohistochemical or in situ hybridization meth-
neurons do not require p75NGFR binding to initiate rescueods. Still others hold that p75NGFR increases the associa-
following FF lesion. RTA specifically activates TrkA, and,tion rate of NGF for TrkA (Jing et al., 1992; IbanÄ ez et al.,
when it is infused in combination with REX, which has1993) or modifies the ligand specificity of TrkA (Bene-
been demonstrated to block but not activate p75NGFR,detti et al., 1993; Clary et al., 1994), and the fact that
there is noreduction in the cell savings effect. Addition ofREX blocks some high affinity binding sites in vitro indi-
REX does, however, result in significantly less sprouting,cates that some high affinity sites may be p75NGFR-de-
pendent (Weskamp and Reichardt, 1991). The failure to indicating a role for p75NGFR in this response to NGF. We
Neuron
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antibody is directed to the cytoplasmic tail of TrkA and recognizesexpect that REX infusion oligomerizes p75NGFR extracel-
all three Trk receptors (Clary et al., 1994).lularly, inhibiting interaction of both the extracellular and
intracellular domains of p75NGFR with itself or with TrkA.
Surgical and Histological Procedures
Inhibition of p75NGFR interaction by REX could account Female Fischer 344 rats (150±200 gm body weight) were anesthe-
for the reduced sprouting response we see in RTA plus tized with a mixture of ketamine (75 mg/kg), acepromazine (0.75
REX±infused animals. Additionally, these data suggest mg/kg), and rompun (4 mg/kg) and placed in a Kopf stereotaxic
apparatus for all surgical procedures. Adult female Fisher 344 ratsthat the biological effects of NGF may be dissociated,
(n 5 29) were implanted with ICV cannulae ipsilateral to the lesionmediated, or both by different receptor(s) or receptor
with minipump implantation followed immediately by unilateral FFcomplexes. It is also possible that infusion of REX ob-
transection. Complete unilateral aspirative lesions of the FF and
scures immunoreactivity to p75NGFR by binding receptors supracallosal striae weremade under visual inspection as previously
that might otherwise be bound during immunohisto- described (Gage et al., 1983). Aspirative lesions, conducted with
chemical recognition. However, the fact that we do not the aid of a surgical microscope, were made on the right side of the
brain ipsilateral to thecannula implantation site. Osmotic minipumpssee a reduction in MS Nabs in animals infused with REX
(Alzet) and attached cannulae (Small Parts, Incorporated) were filleddoes not support this interpretation.
with polyclonal rabbit antibodies to rat TrkA (RTA; 1.0 mg/ml; ClaryNGF infusions in FF-lesioned animals with targeted
et al., 1994) (n 5 7), RTA (1.0 mg/ml) in combination with polyclonal
mutations in p75NGFR or trkA will shed more light on the antibodies to p75NGFR (REX; 0.1 mg/ml; Weskamp and Reichardt,
relative contributions of p75NGFR and TrkA to this interest- 1991) (n 5 5), or human b NGF (100 mg/ml; Barnett et al., 1990) (n
ing phenomenon. Introduction of mutated neurotrophins 5 5). Control animals consisted of rats that received FF lesions only
(n 5 2) or those that received infusates of preimmune rabbit serumthat bind only one class of NGF receptor has beenfruitful
(RS; 1.0 mg/ml) (n 5 4), artificial cerebrospinal fluid (CSF [pH 7.4];in vitro (IbanÄ ez et al., 1992) and may also further eluci-
Na, 150 mM; K, 3.0 mM; Ca, 1.4 mM; Mg, 0.8 mM; P, 1.0 mM; Cl,date the NGF receptor(s) necessary to confer signal
155 mM) (n 5 3), or REX (0.1 mg/ml) (n 5 3). Normal unlesioned
transduction in vivo. Understanding the mechanism by animals (n 5 4) were also included in the control population. Solu-
which NGF signal transduction is further modulated in tions were continuously infused at a rate of 0.5 ml/hr for 2 weeks,
different biological responses (e.g., survival versus at which time animals were sacrificed.
Rats were anesthetized (as described above) and transcardiallysprouting) also promises to provide an interesting area
perfused with 50 ml of saline followed by 250 ml of ice-cold 4%of study.
paraformaldehyde at 2 weeks following FF transection and pump
implantation. Sections were processed for immunohistochemistry
by the following procedure. Endogenous peroxidases were firstConclusions
blocked with 0.6% H2O2; then sections were permeabilized withThis report provides the first in vivo experimental evi-
0.25% Triton X-100 and blocked with 10% horse serum (p75NGFR) ordence that activation of TrkA alone is sufficient to rescue
10% goat serum (antibody localization). Sections from a one-in-six
cholinergic neurons following axotomy. Cell savings ob- series were incubated with anti-mouse p75NGFR monoclonal antibody
served in the absence of exogenously applied NGF and diluted1:100. Sections werealso processed for peroxidaseimmuno-
in the presence of blocked p75NGFR strongly suggest that cytochemistry with biotinylated rabbit anti-goat antibodies to assess
tissue distribution of RTA, REX, and RS following chronic ICV infu-signaling via TrkA alone is sufficient to activate the NGF-
sion. The antigen±antibody complex was reacted with horse anti-dependent survival responses of septal cholinergic neu-
mouse or goat anti-rabbit secondary antibody coupled to biotin.rons in vivo. The use of a selective trkA agonist that
Staining was developed by the avidin±biotin method (Vector Labora-
mimics at least some of the action of NGF in vivo may tories) with nickel intensification using 3,3-diaminobenzidine as the
prove useful for further elucidation of the mechanism chromogen.
by which related members of the neurotrophin family
Analysis and Quantificationfunction and suggests possible mechanisms for thera-
Only those rats exhibiting accurate ICV cannula placement, infusatepeutic intervention in specific neurotrophic interactions
penetration into the MS, and complete and discrete FF lesions wereimplicated in human degenerative diseases.
chosen for quantitative analysis (n 5 26). Cell numbers were deter-
mined by quantitative stereology as previously described (Peterson
et al., 1994). For the purposes of this paper, the rostral±caudalExperimental Procedures
anatomical boundaries of the MS were defined as z10.70 mm to
20.26 mm (as described by Paxinos and Watson) to include the MSDevelopment and Specificity of RTA Antibody
and vertical limb of the diagonal band of Broca (vdbB) from wherePreparation of the RTA antibody has been described (Clary et al.,
it can be distinguished from the horizontal limb of the diagonal1994). In brief, the DNA sequence encoding the extracellular domain
band of Broca (hdbB) to just prior to the crossing of the anteriorof the rat TrkA receptor was generatedby polymerase chain reaction
commisure. We defined the MS as this area because both the MS(PCR) and inserted into a baculovirus transfer vector. A recombinant
nucleus and the vdbB are affected by the lesion, and in practice,baculovirus expressing the extracellular domain of rat TrkA was
the boundary distinction between the vdbB and hdbB is more dis-isolated and purified; Sf900 cells were infected with the virus, and
tinct than the more artificial boundary between the MS and vdbB.the recombinant extracellular domain of TrkA was purified from
The lateral boundaries included the MS cells that were interspersedthe medium by lentil lectin and anion exchange chromatography.
within the neuropil of the MS nucleus.Rabbits were immunized with the recombinant protein, and RTA
IgG was prepared from their serum as described (Clary et al., 1994).
RTA has been shown to recognize TrkA, but not TrkB or TrkC, by Cavalieri Estimator of Reference Volume
The volume of the MS was determined by the method of Cavalieriimmunoblot analysis and immunoprecipitation. Preparation of the
REX IgG recognizing the extracellular domain of p75NGFR was done (Michel and Cruz-Orive, 1988) as previously described (Peterson et
al., 1994; Peterson and Jones, 1993). In brief, a point-counting gridwith a similar protocol and has been described (Weskamp and
Reichardt, 1991). printed on an acetate sheet was placed over the video monitor upon
which the entire MS was displayed from a low power objective (43).To test the cellular specificity of the RTA antibody, HEK293 cells
were transiently transfected with the rat TrkA, rat TrkB, or rat TrkC The area around each point was calibrated with a stage micrometer.
By knowing the distance (d) between sections and multiplying thatcDNA in the vector CDM8 by the lipofectamine method (GIBCO BRL)
and stained with 2 mg/ml of either the RTA or trk.cyt IgG. The trk.cyt by the area per point (Ap), we used each point as a volume probe.
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The total volume (Vref) of the MS was determined by counting the This work was supported by NIH grants 5T32 AG00216, AG06088,
AG08514, and NS28121.number of points (Q) overlying the MS in semiserial (one-in-six)
sections and multiplying that sum (SQ) by the volume associated The costs of publication of this article were defrayed in part by
the payment of page charges. This article must therefore be herebywith each point by the formula Vref 5 (SQ)(d)(Ap).
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